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ABSTRACT
Researchers have been categorizing asteroids by color for decades in an attempt to
better understand asteroid composition and potential links to the meteorite population.
However, only recently through large data collection surveys like the Sloan Digital Sky
Survey (SDSS) has the asteroid population as a whole been studied. This research will
look at a subset of asteroids with the highest reflectivity differences as reported by
Carvano et al. (2010) in order to answer the question: Can visible wavelength ambiguous
taxonomic asteroid types be an indicator of a non-homogeneous surface?
This research studied asteroid 2453 (Wabash) in great detailed with visible
spectrophotometry and near-infrared spectra. The results show that although a minor nonhomogeneous surface was identified the non-homogenous surface is the not the primary
source of the SDSS detected taxonomic variation.

x

CHAPTER I
INTRODUCTION
The Sloan Digital Sky Survey (SDSS) produced the Moving Object Catalog (MOC)
which contains observations of asteroids in five wavelength bands of u, g, r, i, and z,
(Ivezić et al., 2010). Shortly after the first MOC release, it was discovered that there are
reflectance variations on a majority of the asteroids which have two or more
observations. Szabó et al. (2004) studied this in great detail and concluded that the
variations are not due to velocity, apparent brightness, angle from the opposition, nonsimultaneous measurements, or corrected color variations. They concluded that the
taxonomic variations are real and proposed a possible source as a rotational effect due to
inhomogeneous albedo distribution. In 2010, Carvano developed a photometric based
taxonomic classification system providing a fundamental way to analyze the entire MOC
population. Carvano et al. (2010) concluded that a subset of asteroids, which had multiple
observations, had been classified as ambiguous because different observations had a high
enough probability to be associated with different taxonomic classes. In a second paper,
Carvano and Davalos (2015) identified a strong correlation, for some asteroids, where
taxonomic variability is due to phase angle. The research described here complements
that of Carvano and Davalos (2015) by investigating the possible phase angle variations.
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CHAPTER II
PURPOSE
This research investigates whether the asteroids in Carvano’s et al. (2010) ambiguous
list have non-homogenous surface compositions. Utilizing visible and near-infrared
observations to conduct a detailed rotational analysis will either confirm nonhomogenous surface compositions or provide insight for a different explanation.
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CHAPTER III
STATEMENT OF THE PROBLEM
Are the visible wavelength spectrophotometric variations in Sloan Digital Sky Survey
data that Carvano’s et al. (2010) taxonomic ambiguous list identified evidence for nonhomogenous surface compositions?
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CHAPTER IV
METHOD
Target Selection
The Carvano et al. (2010) database is unique for several reasons: (1) its large size, (2)
the number of multiple-observed objects, and (3) an explicit accounting for observational
error integrated into the taxonomic classification scheme. The database classifies 107,466
SDSS Moving Object Catalogue (MOC4) observations of 63,468 unique asteroids. A
total of 21,395 asteroids have two or more observations. The availability of multiple
observations on a single object provides a unique opportunity to explore those asteroids
which exhibit taxonomic variations between observations. A total of 13,900 asteroids
show such taxonomic variations.
The most common taxonomic variations occur between similar types (e.g., Lp to Sp,
Cp to Xp, Qp to Vp; refer to Figure 1) and are likely explained by observational effects or
errors. In contrast, Carvano et al. (2010) highlights a set of taxonomic variations which
are much more difficult to explain in these terms, including Dp to Sp, Xp to Sp, Cp to Sp,
or Cp to Qp. These combinations represent transitions between mafic silicate-dominated
spectra, with a characteristic absorption feature near 0.9 um, and spectra in which this
feature is suppressed or absent during some point in the asteroid's rotation and/or orbit.
According to Carvano et al. (2010) these variations likely result from “extreme space
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weathering, contamination by metal, or other spectrally dark phase, the coexistence of
different mineralogies in the same body, or phase reddening''.

Figure 1. Carvano et al. (2010) Taxonomic Classes. Reflectance versus Wavelength for
SDSS MOC
A specific target selection method was employed in an attempt to: (1) minimize
SDSS-generated observational uncertainties as the source of these taxonomic variations
and (2) maximize the probability that such differences would be representative of surface
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characteristics that could be resolvable using Near-Infrared (NIR) reflectance
spectroscopy. This selection method leveraged the fact that the Carvano taxonomic
scheme integrates an estimate of classification quality score into its taxonomic scheme
and also flags observations with high uncertainties as bad (Hasselmann et al., 2012). A
subset of 51 final targets was obtained by removing all observations with high
uncertainty and choosing asteroids with the highest combined taxonomic score. The
brightest asteroid visible in the Fall of 2016 was 2453 (Wabash), which was selected for
further spectrophotometry and near-infrared observations.
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CHAPTER V
LITERATURE REVIEW
Asteroid Classification Methods
The discovery process of an asteroid is complex and, until the use of computers, a
daunting task. On January 1, 1801, the first asteroid 1 Ceres was discovered by Giuseppe
Piazzi while working on a star catalog (Serio et al., 2002). Mr. Piazzi did not report his
discovery via email to the Minor Planet Center (MPC), as we do today; he simply kept
working. It was not until the next night that he discovered that the “new star” had moved.
Sometime in February 1801 Mr. Piazzi notified others of the discovery, which he thought
was a comet. Over the following 10 months, mathematicians like Carl Friedrich Gauss
spent hours attempting to calculate an ephemeris for this potential comet. Conclusive
recovery of Ceres was not accomplished until Dec 31, 1801 (Serio et al., 2002).
Over the next ~215 years, as more asteroids were slowly being discovered, the first
series of values astronomers could calculate was their orbital elements. Astronomers
today still categorize asteroids by their 3 primary orbital elements. The majority of
today’s asteroid knowledge has been collected in the past few decades. The volume of
data collected from missions like Sloan Digital Sky Survey and Wide-field Infrared
Survey Explorer can be overwhelming for one person to analyze. It is of great importance
to understand each asteroid data collection survey and what information was obtained.
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This research is investigating a fundamental assumption in the asteroid population that
all asteroids have a static taxonomic classification. Carvano et al. (2010) showed that
~70% of the asteroid population from photometric measurements have some type of
taxonomic variation. This research is investigating a subset of asteroids suggested to be
both C and S type asteroids which, in taxonomic classification, cannot be true because of
the presence of a 1um silicate mineral absorption feature.
The primary objective is to test whether the taxonomic variations are true and are
spread throughout the main belt population. To prove this, it must be shown that these
objects are not a part of a single asteroid family, have similar orbits, or have any relative
connection to each other. Therefore, this literature review will provide a brief overview
of the asteroid population. For experienced asteroid astronomers, these first few sections
will provide a basic review and are not meant to provide new insight into the field, but
only to provide a basis for comparison of the final results of this study.
The remainder of this section discusses the common methods to distinguish asteroids
from each other. First, the three main orbital elements followed by physical properties of
size, albedo, and rotation. Finally, taxonomic classification, asteroid families, and
composition are discussed.
Semi-Major Axis
Throughout the 20th century as more asteroids and comets were discovered,
astronomers desired to organize and categorize them by looking for common traits and
abnormalities in the population. The simplest approach to do this is to plot total numbers
of asteroids versus semi major axis (astronomical unit [AU]), (see Figure 2).
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Figure 2. Distribution of the Minor Planets: Semimajor axis. (IAU-A, 2014)
Asteroids in the solar system are categorized into four main regions: 1) Near Earth
Asteroids (NEAs) those who perihelion is less than 1.3AU, 2) Main Belt Asteroids
(MBAs), an overarching grouping of asteroids that orbit outside the NEAs and inside the
orbit of Jupiter (5.2AU), (see Figure 2, 3) Trojan asteroids which reside at Jupiter’s L4
and L5 Lagrangian points ~5.2AU, and 4) Outer solar system objects which include
Trans Neptune objects (TNO), the Kuiper Belt, and Oort cloud. For the remainder of this
review Outer solar system objects will be ignored.
In 1867, Daniel Kirkwood plotted the number of known asteroids versus semi-major
axis in AU and noticed gaps in the population (now called Kirkwood gaps in his honor).
These gaps represent locations of resonance with Jupiter. Resonances are regions where
Jupiter’s gravitational pull increases an asteroid eccentricity until the object becomes
planet crossing. Once a close encounter occurs with anyone of the four inner planets the
semi-major axis is changed removing the object from the resonance. The most obvious
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gaps are with Jupiter 4:1, 3:1, 5:2, 7:3, and 2:1 resonance which lie at 2.06AU, 2.5AU,
2.82AU, 2.95AU, and 3.27AU respectfully. These 5 resonances separate the main belt
into inner, middle, and outer regions. The 4:1 and 2:1 resonance sets the inner and outer
limits of the main belt.
Increasing the eccentricity provides the objects with a higher probability to have close
encounters with Mars and Earth (Pater and Lissauser, 2010). The increase in eccentricity
causes an elongation and therefore highly chaotic bodies that can either collide with the
Sun or be ejected out of the solar system. Thus, throughout the history of the solar
system, the Kirkwood gaps have appeared where asteroids have been removed from the
solar system, thereby decreasing the total mass of the asteroid population.
Inclination
The orbital element inclination provides the angle in degrees that the asteroid’s orbit
lies above the ecliptic. Low inclination objects orbit near the ecliptic, while high
inclination objects spend the majority of their time either above or below. As seen in
Figure 3, the majority of asteroids have low inclinations. Figure 4 compares semi-major
versus inclination.
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Figure 3. Distribution of the Minor Planets: Inclination. (IAU-C, 2014)

Figure 4. Distribution of the Minor Planets: a versus i. (IAU-F, 2014)
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Figure 5. Distribution of the Minor Planets: Eccentricity. (IAU-B, 2014)
Eccentricity
The majority of inner solar system asteroids have low eccentricity with over 90%
having less than 0.3 with a mean around 0.14, as shown in Figure 5 (Pater and Lissauser,
2010). A non-zero eccentricity makes all asteroid orbits essentially an elipse, and the
median value of 0.125 provides a 25% change in orbital distance. Excluding NEAs, the
low eccentricity of the main belt is not a major influence on the amount of solar flux an
asteroid receives. As discussed in a later section, space weathering is much more
dependent on semi-major axis than eccentricity.
The main belt has 3 main secular resonances ν , ν , and ν . A secular resonance is
5

6
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caused when an asteroid’s orbit precession becomes synchronized with one of the major
planets. The most prominent secular resonance is ν due to the motion of Saturn’s orbit.
6

When an asteroid approaches the ν resonance its eccentricity will start to increase, which
6
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in turn increases the chances of a close encounter with Mars or Earth. Morbidelli et al.
(1993) showed that this is a definite method to supply the solar system with both Marscrossing asteroids as well as NEAs and meteorites on Earth.
In Figure 6 the majority of the asteroid population has both low inclination and
eccentricity. However, there are visible clusters of asteroids that start to provide insight
into the dynamical evolution of the main belt.

Figure 6. Distribution of the Minor Planets: a versus e. (IAU-E,
2014)
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Figure 7: Distribution of the Minor Planets: Absolute Magnitude. (IAU-D, 2014)
Size
One of the main benefits of asteroid infrared photometry is the ease in obtaining an
asteroid’s diameter. This is due to infrared light being absorbed energy and the proportion
of absorbed energy is a function of surface area and distance from the Sun. Since the
mid-1980s, many infrared asteroid observing surveys have been conducted but only
recently with Spitzer Space Telescope and the Wide-Infrared Space Survey Explorer
(WISE) have orders of magnitude more observations been collected. This has allowed
large population studies to be conducted with accurate albedos. Prior to Spitzer and
WISE, the primary optical method for size approximation was to calculate an H
magnitude, which is the visual magnitude of the object 1 AU away at zero phase angle. H
magnitude is highly dependent on albedo, which for an asteroid can range from 3% to
50%, Masiero et al. (2014).
Figure 7 shows the distribution of asteroids as a function of H magnitude, where larger
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H-magnitudes correlate with smaller asteroids. All major asteroid discovery surveys have
been on or orbiting around Earth. The known smaller asteroid populations are those
which orbit close to Earth and therefore typically have small semi-major axis. It is
predicted that the same population of small asteroids will be present throughout the main
belt, providing an ever-increasing number of asteroids to locate and study with larger
telescopes. Figure 7 provides the upper size limit on the largest asteroid population since
the largest main belt asteroids have been discovered. Although Figure 7 may appear to be
Gaussian, it is not. The lack of smaller asteroids is the result of smaller asteroids
reflecting less light and requiring larger Earth-based telescopes to be discovered.
Albedo
Determining the size of the asteroid population as well as individual asteroids is
challenging. Ground-based telescopes are limited to visible and Visible Near-Infrared
(VNIR) wavelengths due to atmospheric interference in all but a few of the highest
elevation observatories. Therefore, asteroid survey programs search for new asteroids
primarily in visible wavelengths. This technique has been very successful in the
discovery of over 700,000 asteroids, but limited information other than orbital parameters
and H magnitude can be determined from those observations. The brightness of an
asteroid will appear in optical wavelengths is determined by four parameters: 1) Distance
from the sun, 2) Phase angle, 3) Asteroid’s surface area, and 4) How reflective the
asteroid surface is.
Distance from an asteroid to the Sun and its current phase angle can be calculated
from its orbital elements. The surface area reflected can be assumed by the diameter of
the asteroid. If the diameter is not known, calculating H magnitude will provide a range

15

of potential sizes which is dependent on albedo. The geometric albedo is how reflective
the surface composition is. Albedo is very useful because it does provide an insight into
potential compositions because two objects with dramatically different albedos don’t
share the same composition. Albedos can range from 3% to ~50% with the majority have
values around 15%.

Figure 8. Distribution of the Minor Planets: a versus H. (IAU-H, 2014)
There is a distinct bias toward high albedo asteroids in the discovery survey programs
as semi-major axis increases. This is due to higher albedo asteroids being brighter and
therefore more easily detected since the discovery telescopes have a fixed limiting
magnitude.
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It is still unclear how many asteroids of a size range exist in either Near Earth or Main
Belt space. As more asteroids are discovered with larger optical discovery telescopes, the
more complete coverage of the largest asteroids will be obtained. This because even if a
10km asteroid has a 1% albedo it would still be bright enough to be detected by the
surveys. Larger telescopes search fainter and are therefore discovering the last remaining
5km and larger asteroids in the NEA and MBA regions.
One of the major benefits of space-based infrared telescopes is the ability to determine
size diameters to within 10% (Mainzer et al., 2011). This is over an order of magnitude
better than visible based H magnitude values calculations. WISE/NEOWISE has
conducted an all-sky thermal study which discovered asteroids based thermal infrared
brightness.
Rotation
The rotation rate, or period, of an asteroid is a classification method which not until
the past few decades has been put into a centralized location. The primary reason that so
few rotation curves are known is that the collection of an accurate high resolution light
curve requires a large amount of telescope time. Over the past 20 years, as sub-one meter
telescopes have become more cost effective, more universities and amateur astronomers
have begun their own asteroid observing programs. Warner et al. (2009) started the
Asteroid Lightcurve Database (LCDB), both the amateur and professional communities
have accepted the LCDB as the current centralized database of all the known rotation
rates. Prior to Wasczak et al. (2015) who studied ~54,000 sparsely-sampled asteroids and
concluded they had determined periods on ~8,300 additional asteroids, there were only
~7,500 asteroids with published rotation curves (Warner et al., 2009). In the latest update,

17

the LCDB listed ~15,800 asteroids with published periods. This is less than 3% of the
known ~700,000 asteroids.
If an asteroid is a pure spherical object with a constant albedo, no rotation would be
detected because there would be no change in brightness over short periods of time.
Therefore, in order to determine a period, the asteroid must have either a non-spherical
shape or a non-uniform albedo. Radar observations have obtained high resolution images
of NEAs and show clearly that the majority of the change in brightness is due to shape.
By studying an asteroid for multiple nights and plotting the change in brightness over
time, one can determine the period by identifying key features that repeat at a specific
frequency.

Figure 9. Rotation (Period versus Diameter). (Warrner et al., 2009)
The purpose of this research is to study a subset of asteroids believed to have a nonuniform albedo. The period that is determined would still result in the correct rotation
18

rate. However, currently the amplitude of a period is assumed to be due to non-spherical
effects in asteroid modeling. In the context of the current study it could be from a nonuniform albedo.
Although not all of the diameters reported in Figure 9 have accurate infrared
observations, Figure 9 clearly demonstrates that there is a definite line where asteroids
larger than ~200m don’t rotate faster than 2.2 hours.
Taxonomy
Taxonomic classification at one time was thought to be a direct correlation to
composition. However, as previously stated, remote observations using visible and NIR
wavelengths don’t penetrate below the regolith and provide no information on sub-crust
or core composition. Taxonomic classification, therefore, is a valuable tool help classify
asteroids into similar groups, but it must be used with caution. Different taxonomic
studies have been conducted over the past few decades, with each survey using different
wavelength ranges. All surveys have included visible wavelengths. However, none of the
large surveys have extended to 2.5!", which is required to obtain a full 2!" Band II
analysis. Only full NIR spectra to 2.5!" with Band I and Band II ratios can produce a
composition.
The remainder of this section will provide a detailed look at the various taxonomic
classification methods.
Tholen
Tholen developed a taxonomic classification system using the Eight Color Asteroid
Survey (ECAS) where spectrophotometric observations were obtained using eight
overlapping filters between 0.31 and 1.07um. Tholen’s (1984) taxonomic system was the
first to employ a principal component analysis which showed that almost all variations
19

could be represented by two principal components (Tholen, 1984). Tholen’s classification
method gave each complex its own single letter identifier. This system was an extension
of the first C and S complexes which were initially thought to represent carbonaceous and
silicaceous asteroids, Chapman et al. (1975). Tholen identified 14 classes, with only a
few classes E, M, and P requiring albedo values in addition to the ECAS
spectrophotometry measurements. In the absence of albedo, they were given an X
identifier. The majority of asteroids were classified as either C, S, or X. Additional
classes were given A, B, D, F, G, T, Q, R, and V, see Figure 10.

Figure 10. Tholen Taxonomic Classification. (Tatge, 2012)
Until Bus and Binzel (2002A), the Tholen taxonomic classification was the standard.
Tholen’s classes are still used as reference. However the SMASS data analyzed by Bus
and Binzel (2002B) has higher spectral resolution due to the fact that SMASS collected
spectra while ECAS used spectrophotometry. The ECAS data covered more of the UV
and infrared wavelengths.
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Bus and Binzel
The Bus and Binzel taxonomic classification method, published in 2002, is based on
the SMASS telescope data. This work was a further development of Tholen’s taxonomic
system which was needed in order to provide an increase in resolution and quality of data
over the ECAS. Bus and Binzel defined 26 classes based on 1447 asteroids using visiblewavelength spectra from .44 to 0.92um (Bus and Binzel, 2002B). Since SMASS only
collected data up to 0.92um, the standard 3 characteristics of center wavelength, band
width, and band depth of the 1um olivine and pyroxene absorption feature was unable to
be determined. However, if the 1um feature had a wide band then the visible spectra was
able to detect its presence by a decrease in reflectivity as the spectra approach 1um.
The Bus and Binzel taxonomic classification system is based around 3 values: 1)
overall slope of the reflectance spectra, 2) PC2´, and 3) PC3´. For the purpose of this
research the more negative the PC2´ value, the deeper or more pronounced the 1um
feature. PC3´ represents higher order variance in the spectra and/or a UV absorption
feature (Bus and Binzel, 2002B). Through a series of generalized rules about each of
these components and their relations to each other, the 26 taxonomic classes are defined.
As with Tholen, the primary classes still remain C, S, and X.
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Figure 11. Left, Bus and Binzel, (2002A) plot of C-class asteroids. Right, Bus and
Binzel (2002A) plot of S-class asteroids.
If an asteroid’s reflectance slope is close to zero, it is more like a C complex. The Ccomplex represents asteroids that would have a constant albedo per wavelength or a
uniform surface albedo through the entire visible wavelengths. The S-complex has an
increase in reflectance around 0.7um followed by a decrease through the 1um feature.
Therefore, the main visible wavelength difference between S and C complex is the
existence of a high reflectance values around 0.7um, (refer to Figure 11).
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DeMeo
The Bus and Binzel classification was extended by DeMeo et al. (2009) into the nearinfrared wavelengths using 371 asteroids that were observed from 0.45 to 2.45um, see
Figure 12.

Figure 12. Bus-DeMeo Taxonomy Key. (DeMeo et al., 2009)
Carvano
After each new major survey, as orders of magnitudes more data are collected,
additional taxonomic classes are created in order to define or redefine classes to include
the new observations. Szabó et al. (2004) analyzed 7531 asteroids with multiple
observations from the Sloan Digital Sky Survey (SDSS) Moving Object Catalog data
release 3 (MOC3) and reported that some asteroids showed color variability between
observations. The reported error of SDSS was 0.02 magnitude, while Szabó et al. (2004)
detected variations up to 0.11mag (rms). Szabó et al. (2004), then attempted to determine
the cause of such variations by analyzing correlation with diameter, taxonomic class,
family, asteroid velocity, apparent brightness, angle of opposition, non-simultaneous
measurements, and absolute magnitude. Szabó et al. (2004) found no correlations,
23

suggesting that the color variability is real.
Carvano et al. (2010) using MOC4 and a larger data set of 22,019 asteroids with
multiple observations, reported that 14,962 asteroids showed taxonomic variations.
Carvano et al. (2010) determined a photometry based taxonomic system which follows
the Bus and Binzel method with a subscript p to denote that the calculation was
photometry based.
The most surprising finding from Carvano et al. (2010) was that a group of asteroids
were both classified as C and S . Bus and Binzel (2002B) does not have any
p

p

classification similar to both a C and S complex. From the beginning of asteroid
photometry, C and S classes were considered direct opposites as one has a flat spectra
while the other has a reflectance maximum around 0.7um followed by a 1um absorption
feature. The idea that 152 asteroids could be both or have some type of transition is
difficult to believe. This research has set out to identify potential rotational features that
could provide insight into explaining these effects. Additionally, there is a larger group of
303 asteroids that are classified as C , X , and D . While C is relatively flat, D has a
p

p

p

smooth red sloped curve in this region, and X asteroids are negative towards the UV. If
all three of these classification systems are correct, it would appear that there are
dramatic changes in the overall reflectance for a significant subset of asteroids.
Families
Japanese astronomer Kiyotsugu Hirayama in 1918 first noticed groupings of asteroids
that occupy nearly identical orbits (Hirayama, 1918; Carroll and Ostlie, 2007). Hirayama
families, which are called asteroid families today, are the remnants of catastrophic
collisions between asteroids and are easy to identify as clusters of similar orbits in the
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space of proper elements (Zappalà et al., 1990). A few clusters of asteroids have been
shown to be dynamically connected as each family merges to a single point in the past.
This single location is considered to be the parent asteroid body which suffered the
collisional break into hundreds to thousands of pieces. The method of asteroid family
identification from proper-element space is call Hierarchical Clustering Method (HCM)
and has been one of the primary identification methods used by astronomers (Zappalà et
al. 1990; Zappalà, 1995; Zappalà, 2002; Bendjoya and Zappalà, 2002). The age of the
family is determined by when the cluster joins at a single point. The individual pieces that
broke off are today considered to be individual asteroids with a finite exposure age to the
solar system environment. Due to a finite age, families are an important area to research
to study space weathering, YORP and Yarkovsky effects, as well as solar system
dynamics.
Identification of asteroid families has been attempted as early as 1918 by Kiyotsugu
Hirayama (Hirayama, 1918). With the advent of computers and the dramatic increase of
the number of known asteroids, more families are being discovered and studied. Zappalà
et al. (1990) studied 4100 numbered asteroids which at that time was the largest family
search and discovered 21 distinct families. Mothé-Diniz et al. (2005) updated the 21
families to include the asteroids discovered since 1995 for a total population study of
12,487 asteroids. Mothé-Diniz et al. (2005) combined SMASS II and S3OS2 visible
spectroscopy data to the individual families and discovered that only about a third of the
families could be distinguished from the background population. It should be made clear
that taxonomic classification does not suggest or indicate composition. However, similar
taxonomic classes can indicate potential similar compositions.
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In the MBA population, discovering a family assumes the fact that after a collision
smaller pieces will travel further away while larger pieces will remain close to the impact
site (Zappalà et al., 2002). Therefore, a family should be a cluster of asteroids that all
share relative proper elements. Identifying interlopers, asteroids not created as a result of
that collision, but rather just happen to share those proper elements is challenging.
Today there are 122 notable families, with the number of identified family members
ranging from a few to a few thousand asteroids (Nesvorný et al, 2015). As massive
amounts of data are collected from optical, infrared, spectrophotometry, and
spectroscopic surveys, a better picture is developing of asteroid families as a whole.
Composition
Asteroid composition is the ultimate goal when studying both the Earth’s meteorite
collection and the early solar system. Asteroids are the last remnants of the material the
solar system was formed from, which has been mostly untouched for the past 4.6 billion
years. The majority of asteroid research could be answered by sending spacecraft to every
known asteroid and collecting surface, sub-surface, and core material. However, without
trillions of dollars astronomers are left to remote observations.
Over the past 4.6 billion years, asteroids have undergone micrometeorite
bombardment which only affects the top few millimeters to centimeters of the crust. The
long-term effect is that the crust is pulverized into a thick layer of rubble and dust called
regolith (Pater and Lissauser, 2010). Because visible and NIR wavelength observations
don’t penetrate past the regolith, the classification methods using both optical and
infrared techniques are an analsis of different regolith types and composition.
The study of asteroid regolith formation, particle size, and composition is important.
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However, due to the scope of this research, the discussion will be limited to information
that is obtained only from optical and near infrared observations. Olivine and pyroxene
are the two primary minerals in the solar system and can be observed in visible and NIR
wavelengths. Pyroxene and olivine both have a 1!" absorption feature, and this research
is investigating asteroids that have multiple observations where this absorption feature is
present in some observations and disappears in others. The 1 and 2 !" absorption feature
is characterized by three parameters: central wavelength, width, and depth. The three
parameters change based on the amount of olivine and pyroxene present. The absorption
feature itself comes from electrons absorbing solar photon flux. The photons which have
the correct energy level will cause electrons to become excited and transition to a higher
orbital state. The consequence of this is that when looking at an asteroid’s spectra, which
is reflected light from the sun, there is missing light that was absorbed by the asteroid and
not reflected. This is another tool astronomers can use to compare asteroids with each
other, as well as with measurements obtained in a laboratory. A more intensive review on
NIR spectrophotometry quantum mechanical effects is left as an exercise for the reader.
The 1!" olivine feature is composed of 3 overlapping absorptions at ~0.75, 1.04 and
1.35!" while pyroxene has 1!" and 2!" absorption features. Therefore, the 1!"
feature is a combination of the presence of both olivine and pyroxene. There are many
compositions variations and reasons for a change in central wavelength, band depth, and
width. For example, the presence of an abundance of oxidized iron in olivine and
pyroxene or an abundance of calcium in pyroxene will shift the central wavelength.
Figure 13 shows the average spectra of 354 Eleonora from 0.7 to 2.6 um from Gaffey
et al. (2015). Figure 14 is the average spectra of 4 Vesta for comparison for the presence
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of the 2!" absorption feature. Eleonora has a 1!" feature but no 2!" feature which is
diagnostically important for composition. If an asteroid has a uniform composition, and
therefore albedo, there would be no change in spectra during the rotation or phase angle.
However, this research is investigating some asteroids that appear to have a changing
1um feature potentially in band depth and width. It will not be possible to determine any
changes in the central band wavelength, as it is farther in the infrared than will be
observed.

Figure 13. 354 Eleonora average spectra. (Gaffey et al., 2015)
Plotting an asteroid’s 1!" versus 2!" absorption central band wavelength is one of
the most common ways to classify asteroid spectra. Any major change in the diagnostic
parameters of the 1um feature could change potential compositional interpretation of the
surface regolith. Therefore, the ultimate goal of this research is to test for the existence of
asteroids that have a potential compositional shift during its rotation and provide key
targets for additional observational studies.
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Figure 14. 4 Vesta average spectra. (Reddy and Sanchez, 2016)

Asteroid Data Collection Missions
SMASS
Small Main-Belt Asteroid Spectroscopic Survey (SMASS) is a survey program to
produce high resolution full visible wavelength spectra of asteroids. The largest survey
attempt prior to this was the Eight-Color Asteroid Survey (ECAS) which used
overlapping filters for spectrophotometry observations. SMASS had a resolution of
~10Å/pixel and was able to cover from .4 to 1um in a single exposure to visual
magnitude 19.0 (Xu et al., 1994, Bus and Binzel, (2002A), Bus and Binzel (2002B)).
SMASS used the Michigan-Dartmouth-MIT 2.4-m Hiltner telescope located on Kitt
Peak.
SMASS initial results published by Xu et al. (1994) observed 316 asteroids from 4 to
1.0um. SMASS Phase II published by Bus and Binzel (2002A) reports 1341 asteroids
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from 0.435-0.925um. To date, SMASS has produced the most visible wavelength spectra
of asteroids.
Sloan Digital Sky Survey (SDSS)
Sloan Digital Sky Survey (SDSS) began imaging in 2000 with the 2.5-m telescope at
Apache Point Observatory. SDSS produced photometric and spectra observations of the
northern sky primarily in the north galactic cap. The photometric observations used a
filter system with almost no overlap of u’, g’, r’, i’, and z’ filters which have center
wavelengths of .3551, .4686, .6165, .7481, and .8931um, respectfully. Since the survey
observed all objects within the field of view, asteroids were also observed. The SDSS
Moving Object Catalog (MOC) was created to published the photometric observations of
asteroids linked to known asteroids as well as undiscovered asteroids. In all there were 4
data releases of the MOC with MOC4 having 218,996 individual observations of 104,687
asteroids. The main benefit of SDSS MOC data for this research is the unintentional
multiple observations of the same asteroid.
Although the wavelength range was less than both ECAS and SMASS, the
overwhelming number of asteroid observations resulted in the creation of a huge database
of asteroid photometric observations.
Wide-field Infrared Survey Explorer (WISE)
Wide-field Infrared Survey Explorer (WISE) launched into a polar orbit in December
2009. The 40cm diameter telescope conducted an all-sky survey at 3.4, 4.6, 12, and
22um. During the primary coolant phase, the telescope scanned the whole sky in all 4
wavelength bands then continued to operate at 3.4 and 4.6um after the coolant was
exhausted. WISE was reactivated into NEOWISE as a primary asteroid discovery survey
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program and is currently conducting a 3-year survey. The spacecraft does not have the
ability to point, but rather has a polar orbit which images the region between sunset and
sunrise. The whole entire sky survey was completed due to the earth’s rotation around the
sun revealing the spacecraft a new slice of the sky every night.
One of the primary asteroid successes of WISE, with the exception of ~34,000
asteroid discoveries, was the massive amount of infrared data collected which allowed
accurate albedo and diameter calculations. WISE has dramatically increased the number
of asteroids with known diameters by a few orders of magnitude.
Palomar Transit Factory
The Palomar Transit Factory (PTF) uses the 1.2-m Oschin Schmidt Telescope with 11
CCDs to image 7.3deg of the sky at a time at 1.0 arcsec/pixel resolution. PTF observed
2

~54,000 asteroids with sparsely-sampled data to finally published ~8,300 new asteroid
rotation periods (Waszczak et al., 2015). PTF is a new source of asteroid data and has
doubled the size of the asteroid lightcurve database. The PTF is discussed briefly here
with a word of caution. PTF collected asteroid periods are of very low resolution with
each asteroid only being sampled twice a night in the observing cadence. This research,
which is attempting to identify non-uniform albedo changes during a rotation, can only
use PTF reported periods as an initial value of the rotation. PTF periods provide no
additional scientific merit to this research or any shape modeling to identify features.
Evolutionary processes
Dynamical Evolution of the Main Asteroid Belt
Our solar system began 4.6 billion years ago with a protoplanetary disk of cosmic
materials with a total mass ~2% of the sun’s current mass. For the next million years, as
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the mass of the solar nebula increased, more mass was drawn into the nebula from further
distances. This caused a dramatic increase in the angular momentum. As a result, an
almost flat disk of gas and dust formed which allowed larger planet bodies to begin
developing.
The theory of our solar system formation was based on observing other nebulas in the
Milky Way galaxy. All observations support having a flat disk which matches our solar
system ecliptic plane. Therefore, remote observations can provide the overall guidelines
from nebula to planet formation, but no additional details. The lack of understanding of
chemical composition of the solar nebula results from the fact that the majority of the
solar nebula mass lies in the Sun and main 8 planets, all of which have cores and
recycling material processes. Any material on those bodies from 4.6 billion years ago has
been recycled many times. There is a very small percentage, less than 0.01% of the
original mass, which has not been dramatically recycled or altered. That is the asteroid
population in the inner solar system and Kuiper Belt object in the outer solar system as
well as Oort cloud comet nuclei.
Understanding how the main asteroid belt arrived in its current state is critical not only
to understanding the original nebula’s chemical composition, but also to understanding
the past and to allow insights into how the future of the solar system will evolve.
Currently, the nebular evolution models and current observations have a large mass
deficit to explain. The present-day total of the asteroid belt is ~5x10 Earth mass,
-4

however theory on solar system formation states that at the time of formation there would
have been 1-2.5 Earth mass in the region of the main belt (Bottke et al., 2015). Therefore,
any model for main asteroid belt formation must be able to explain almost the entire loss
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of the main asteroid belt mass.
It has become clear that the asteroid belt’s evolution is complex with multiple
important factors, including the influence of Jupiter resonances, collisions, and
Yarkovsky evolution. The following two sections will provide more details on the
collisional evolution and Yarkovsky effects.
Collisions and Collisional Evolution
Throughout the lifetime of the solar system asteroid collisions have been
commonplace. Collisions are the “mixing spoon” of the main belt, as they spread the
primordial material throughout. Current theories have been developed that collisional
evolutions could explain the mass deficit. However, that is likely not the entire
explanation. Regardless, collisions have played a major role in asteroid mixing and
creation of the NEA population.
Depending on the size differences and density of two colliding bodies, the result can
be as simple as a small crater or a complete breakup. Massive breakup collisions have 3
main consequences: 1) decrease the mass of the asteroid belt by ejection of material
although collisional ejected is only minor compared to Yarkovsky drive into low order
resonances, 2) decrease the average size of an asteroid in the asteroid belt, and 3)
dramatically increase the number of smaller asteroids.
Visible and NIR observations don’t penetrate more than a few cm into the regolith,
which is under constant bombardment from micrometeorite particles. By comparing
newly exposed regolith to old regolith, a better understanding of how the solar system
radiation has changed the surface compositions can be understood. Micrometeorite
bombardment can change the regolith over time by increasing the space weathering
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effects. Impacts by larger meteoroids can stir, overturn, and expose fresher material
making the surface fresher. This can happen with a small collision or close approach that
strips away the existing regolith layer.
Due to the range of angles, an asteroid collision can eject material into many different
spin rotations or even multiple spin axes. Over time the YORP effect can spin up or down
those rotations.
Yarkovsky and YORP Effects
There are two Yarkovsky effects which have the greatest effect on rotating bodies
between 1m and 10km. Diurnal Yarkovsky is due to the fact that an object is the warmest
in midafternoon and has a higher radiation pressure at that location which causes a force
to act like the asteroid is being pushed. Seasonal Yarkovsky occurs a larger time scale
during the duration on each orbit around the sun. The Yarkovsky effect increases the
orbital speed and the orbital semi major axis for a prograde rotation while a retrograde
rotation slows the orbital velocity and decreased the semi major axis of the orbit.
Yarkovsky-Ó Keefe-Radzievskii-Paddack (YORP) effects are processes that can alter
an asteroid’s spin rate. YORP effects are a torque force due to asymmetric shape or nonuniform albedo. If the asteroid is rotating prograde this force will cause an increase in
rotational rate while a retrograde rotation will be slowed.
During an asteroid’s rotation if a non-uniform albedo exists it implies that different
amounts of radiation are being reflected on different areas of the surface. The definition
of albedo is the fraction or percent of incident light which is reflected. Therefore, by
having a non-uniform albedo different locations on that asteroid will produce a small
rotational force that can spin up or spin down an asteroid. It is also possible that YORP
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effects could cause some asteroids to have multiple axes of rotations.
Space Weathering
Space weathering is the process of the solar environment causing surface changes over
time from both micrometeorite bombardment and solar radiation. Space weathering is not
a new concept. However, it still is not yet well understood for asteroids. The first study of
space weathering involved lunar soil samples returned from the Apollo missions. At this
time there was great excitement that space weathering could explain the spectral
difference between the ordinary chondritic meteorites and the S taxonomic complex. It
was thought that since ordinary chondritic meteorites were the most common type of
meteorite found that the asteroid population would also have a large collection of similar
spectral surfaces. The S complex is a close match, however appears to be redder in color.
Space weathering was first investigated as an explanation for this since the Lunar soil
become redder from space weathering.
In 2010, Gaffey provided clear evidence that Lunar space weathering could not be
used to explain asteroid space weathering as we currently understand it. Asteroid 243 Ida,
433 Eros, and Luna have three different types of space weathering effects and therefore
no general conclusions about space weathering can be deduced and applied to the whole
asteroid population. Space weathering may still provide the key to explaining the
difference between the S complex and ordinary chondrites. However, Luna space
weathering is not an acceptable conclusion.
Multiple Systems
“In the past decade, the number of known binary near-Earth asteroids has more than
quadrupled and the number of known large main-belt asteroids with satellites has

35

doubled” (Margot et al., 2015). As the number of main belt and near earth asteroids in
binary systems has increased, so has our understanding of the processes involved in
creating them. By understanding the ways that multiple systems form and the forces
involved, a better understanding of the internal composition is revealed. The most critical
information derived from a binary system is the mass of the parent body which is
otherwise unable to be determined without a spacecraft fly by. There are only a select few
of the largest asteroids whose gravitation interactions can be measured to determine their
mass. Knowing an object’s mass is critical to setting upper limits on the energy impact
during a collision.
Binary asteroid formation involves an understanding in not only angular momentum
but also YORP and Yarkovsky effects. Margot et al. (2002) discovered that in a study of
near-earth asteroid binary systems, the primary object was rotating close to its break up
speed. Margot et al. (2002) proposed that a close pass to a major planet could cause
enough of a tidal pull to split the objects to create a binary.
Shapes and Asteroid Models
The collection of a single lightcurve of an asteroid over a few days provides the
asteroid’s rotation rate. By analyzing the light curve, the amplitude minimums,
maximums, and uniformity the elongation of the asteroid can be deduced. Repeating this
process over a wide range of epochs different portions of the asteroids can be studied. As
with any model the more data collected at different epochs the more accurate model is
produced.
Currently, only a few hundred asteroids have enough data for a complete shape model
using lightcurve data. However, radar observations have provided detailed shape models
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with much higher resolution, Benner et al. (2015).
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CHAPTER VI
ANALYSIS AND DISCUSSION
Sloan Digital Sky Survey Observations
SDSS successfully observed Wabash 12 times. This includes 11 observations within
74 days from September 10 to November 23, 2005. Figure 15 clearly shows the z and i
reflectance variation between observations. Wabash was classified by Carvano et al.
(2010) as a Cp, Xp, Dp, Lp, Sp, Qp asteroid. By comparing Figures 1 and 15, one can
clearly see why it was considered ambiguous. Carvano and Davalos (2015) used two
plots to analyze specific asteroids. The first called Band Depth (Bd) plots the reflectance
of z minus I (Rz-Ri) versus phase angle. The second called Slope plots reflectance of i
minus g (Ri-Rg) versus phase angle. Figure 16 and 17 are Wabash’s Band Depth and
Slope plots from the SDSS MOC4 observations. There is no variation with Slope versus
phase angle however, there appears to be a correlation with band depth versus phase
angle with a minimum around 8 degrees.
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Figure 15. SDSS observations. Phase angle for each SDSS observation.

Figure 16. SDSS Band Depth (Rz-Ri) versus Phase angle.
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Figure 17. SDSS Slope (Ri-Rg) versus Phase angle.

Spectrophotometry Observations
On October 10, 2016, spectrophotometric observations were collected with the
Astronomical Research Institute's (ARI) 1.3-m telescope. Continuous observations using
Sloan filters r, i, and z were repeated for 3.5 hours. Exposure times were 60 seconds for r
and i filters and 90 seconds for z. The SBIG 1001E camera has a decrease in quantum
efficiency redward of 0.8!" therefore the longer exposure with the z filter provided a
signal to noise greater than 200 for all observations. In total 58 observations per filter
were collected and almost half of Wabash's 6.878h period was observed. The
spectrophotometric observations do show taxonomic variations of 0.1 magnitudes, (see
Figure 18, 19). Reversing the reflectance formula, (Equation 1), the z-reflectance
variation from SDSS observations in Figure 15 of 0.2 translates into a magnitude
40

variation of 0.20 magnitude. Although the full rotation did not receive spectrophotometry
observations, it shows that a z reflectance variation of 0.20 magnitudes, identified by
SDSS observations, are not solely from a non-uniform albedo. Therefore, Wabash has a
small heterogeneous albedo however, the taxonomic variations identified in Carvano et
al. (2010) are not due to a rotational effect.
#$
#%

= 10).+(-% .-$ )

Equation 1

Figure 18. Astronomical Research Institute instrument magnitude z’-i’.
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Figure 19. Astronomical Research Institute 1.3m instrument magnitude i’-r’.

Near-Infrared IRTF Observations
Observations were carried out on November 12th, 2016 from 07:25 to 14:54 UTC
with the NASA IRTF on Mauna Kea, Hawai’i. NIR spectra (~0.7-2.5!") were obtained
with SpeX instrument (Rayner et al., 2003) in its low resolution (R~150) prism mode
with a 0.8” slit width. A typical observing sequence consist of spectra taken in pairs (Abeam and B-beam) by nodding the telescope. Nodding enables the subtraction of the sky
background from the object during the data reduction process. Observations were taken
in five separate sets covering 7.48h with 10-15 spectra per set with a maximum
integration of 120s due to saturation from the background sky. In order to correct for
telluric water vapor features and to obtain relative reflectance values, local standard and
solar analog stars were also observed. Data reduction was carried out with Spextool,
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Cushing et al. (2004). Table 1 list observational circumstances for each of the five
observations sets. Figure 21 shows all five final sets and a final average plot. Each NIR
spectra is normalized to unity at 1.5!".

Obs Set #
1
2
3
4
5

Table 1. IRTF Observations
IRTF Observations (Nov 12th, 2016)
Start Time
End Time
Standard Star
07:25
08:27
HD 281390
09:07
10:02
HD 281390
12:15
13:10
HD 281390
13:26
14:13
HD 281390
14:28
14:54
HD 281390

Solar Analog
SAO 93936
SAO 93936
SAO 93936
SAO 93936
SAO 93936

We extracted spectral band parameters from the average spectra of individual sets and
the all-night average. Band parameters were extracted using the protocols described in
Cloutis et al. (1986). Band I and II centers are the minima in reflectance of a continuum
removed absorption feature. The continuum is defined as straight line between the
shoulders of the absorption band. Band Area Ratio (BAR) is the ratio of the area of Band
II to that of Band I. We plotted the values for Wabash in the Band I center vs. Band Area
Ratio from Gaffey et al. (1993). The values cluster in and around the S(II) region of the
plot, see Figure 20. Due to insufficient telluric correction of the 1.9 µm water band, the
Band II area could not be accurately constrained leading to larger than normal BAR
uncertainties. This could be one cause for the band parameters plotting outside the S(II)
region. Asteroids in the S(II) region have olivine with increasing amount of calcium-rich
pyroxene (<20%). Gaffey et al. (1993) identified several main belt asteroids that belong to
this sub-type including (12) Victoria, (26) Proserpia, (39) Laetitia, (68) Leto, and (364)
Isara. They noted that except for (12) Victoria, all other objects exhibited a rounded Band
I feature, which is distinctive of this sub-type compared to the other S-types. The rounded
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feature is due to the overlapping of the 1-µm absorption band from olivine and Type B
high-calcium pyroxene. Gaffey et al. (1993) noted that these objects could have surface
composition similar to brachinites and other primitive achondrites and represent cumulates
formed by fractional crystallization in differentiated bodies.

Figure 20. Band I Center versus Band Area Ratio
Table 2. Wabash Observations Set Band Parameters
Band II
Center
1.96±0.06

Band I
Depth
5.8±0.1

Band II
Depth
1.7±0.1

BAI

BAII

BAR

1

Band I
Center
1.05±0.01

0.029±0.001

0.020±0.001

0.69±0.04

2

1.07±0.01

1.96±0.01

5.7±0.2

2.3±0.1

0.028±0.020

0.020±0.001

0.72±0.05

3

1.06±0.01

1.99±0.02

6.1±0.1

2.0±0.2

0.029±0.01

0.020±0.001

0.69±0.05

4

1.05±0.01

1.94±0.01

6.5±0.1

1.4±0.1

0.031±0.001

0.018±0.001

0.58±0.03

5

1.05±0.01

1.96±0.02

6.6±0.1

3.4±0.1

0.033±0.001

0.027±0.001

0.81±0.05

All

1.05±0.01

1.94±0.01

5.9±0.1

2.1±0.1

0.027±0.001

0.019±0.001

0.69±0.04

Obs Set
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Figure 21. IRTF observations of (2453) Wabash on 2016 November 12th. The spectra
are normalized to unity at 1.5 µm. The spectra show Band I and II absorption bands
due to the minerals olivine and pyroxene.
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CHAPTER VII
CONCLUSIONS
For Wabash, SDSS observations clearly showed the taxonomic variation on a short
time scale of 74 days. Spectrophotometry observations using the Astronomical Research
Institute 1.3m detected a small albedo variation however it is much smaller than the
SDSS detected variation. Near infrared observations from NASA’s IRTF which covered
the entire period did not detect the SDSS variation either and therefore a rotational
explanation for Wabash’s is disproven.
Zappalà et al. (1995) lists 2453 Wabash in the Eos family with is primarily associated
with K-type asteroids. DeMeo et al. (2009) describes a K-type asteroid as an “object
display a wide absorption band centered just longward of 1!". The feature is unique
because the left maximum and minimum are sharply pointed and the walls of the
absorption are linear with very little curvature.” This does not describe the spectra of
Wabash in Figure 21 nor does the band parameter analysis therefore, is determined that
Wabash is an S(II) asteroid.
Future Work
Plotting the band depth (bd) for SDSS observations versus phase angle (Figure 16)
shows a possible correlation with phase angle. Therefore, the next step is to collect
visible and NIR spectra of Wabash over a large range of phase angles to determine if
phase angle can explain SDSS taxonomic variations.
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